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I.  INTRODUCTION,^ 

The  Discoverer  re-^ntry  vehicle,  designed  and  developed  by  General  Electric 
Comjany^s  Missile  and  Space  Vehicle  Defxirtinent,  under  contract  to  Lockheed 
Missile  and  Space  Company,  was  the  first  man-made  ol^ect  to  be  recovered  from 
an  orbital  mission, The  purpose  of  this  paper  is  to  present  the  considerations  that 
influenced  the  design  of  the  re-entry  b«Kit  protection  system  as  well  as  the  methods 
employed:  in  predicting  and  verifying  the  system  performance  capability. 


The  Discoverer  heat  protection  system  involved 

a  minimum -weight,  highly  efficient,  and  reliable  design  for  a  vehicle  that  was  iio 
b*.  exposed  to  an  environment  that  evoAiiQday  cannot  be  completely  reproduced  in 
simulators  and  large-scale  air  arc  ^cilities. 

Three  significant  phases  are  representative  of  the  total  environment  to  which  the  ’ 
heat  protection  system  was  exposedi  asCettt  heating,'  sustaihi^  hard  yacuum,  and 
re-entry  heating.  Of  the  hijpi-temperature  materials  for, th^  heat  protection  sys¬ 
tem  that  were  considered  for  this  eiivi|:pnment>  thp  ablation  approach  was  found  : 
most  satisfactory  for  minimum  weight  and  efficiej^,  rpi table  design. 


Investigation  of  several  classes  of  ablation  materials  showed  that  thermosetting 
plastics  represeirfed  a  practical  design  solution  for  re-entry  j^tellite  vehicles  and 
that  the  Effective  heat  of  ablation**1ioncept. is  inadequate  for  accurate  analysis  of 
thermosetting  plastic  materials, 

A  review  of  all  aspects  of  the  Discoverer  design  is  presented^  includb^  the  environ¬ 
ment  definition,  selection  of  the  heat  protection  system,  system  d^ign  techniques, 
and  the  predicted  vehicle  capability.  Significant  advances  ttet  have  been  made  in  the  sys¬ 
tem  design  technology  for  satellite  h^t  protection  since  the  inception  of  the  Discov-; 
erer  design  are  reviewed  where  applicable. 
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II.  DESIGN  CRITERIA  AND  PROCEDURES 

The  si2C/  shape,  and  weight  of  the  Discoverer  re-entry  vehicle  were  dictated  by 
system  requirements  and  booster  capabilities.  Preliminary  design  trade-offs 
determined  that  the  conflgvration  should  be  as  shown  in  Figure  1.  The  shape  is 
essentially  a  sphere-cone.  Inside  the  heat  shield,  which  Is  shown  shaded^  an  alumi¬ 
num  capsule  is  housed.  After  vehicle  re-entry,  the  parachute  cover  Is  ejected  and 
the  parachute  deployed.  The  parachute  drags  the  aluminum  capsule  out  of  the  heat 
shield;  the  shield  is  discarded,  and  the  aluminum  capsule  carries  the  payload  safely 
to  the  impact  area.  It  is  with  this  configuration  that  the  discussion  will  begin. 

ENVmONlWENT 

The  re-entry  capsule  is  subjected  In  succession  to  ascent  heating,  degassing  in 
space,  the  hot  and  cold  extremes  of  space,  and  re-entry  heating.  The  ascent  heat¬ 
ing  environment  is  adequately  represented  in  terms  of  the  aerodynamic  heating  rate 
as  a  function  of  time.  This  is  shown  in  Figure  2  for  the  design,  or  naaximum  heat¬ 
ing,  trajectory.  The  gas  cap  thermal  radiation  flux  Is  negJiglble. 

During  the  orbital  phase  the  prime  environmental  parameters  of  concern  were  the 
high  vacuum  and  the  low  space  temperature.  The  vacuum  was  of  significance  be^ 
cause  U  influenced  the  material  selection  in  terms  of  dulgassing  rates.;  The  space 
tempertture  was  important  because  it  contributed  to.  low  shield  temporatures.  and,  : 
coupled  with  the  sun,  gave  rise  to  large  temperature  gradients  in  the  shield. 

Thermal  stress  problems  resulted  from  the  cold  soak  condition  as  weU  as  the  gra- 
dientsV 

The  re-entry  environments  for  the  Discoverer  vehicle  represehted  a  significant  de¬ 
parture  from  those  encountered  by  the  ballistic  missile  re-entry  systems.  A  com¬ 
parison  between  trajectories  of  a  typlcal  low  W/CjyV  ballistic  missile  re-entry  vehicle 
and  the  Discoverer  vehicle  is  shown  in  Figure  3.  For  the  satellite,  deceleratlcwi  oc¬ 
curs  at  comparatively  high  altitude;  The  differences  between  ICBM  and  satellite  beat¬ 
ing  environments  are  partially  illustrated  In  Figure  4,  For  e^al  Imllistic  factors; 
and  identical  configuration  and  size,  the  peak  heating  rate  is  higher  for  the.  missile, 
but  total  healing  is  greater  for  the  satellite  because  of  the  longer  time  involved.  , 
Ihe  longer  heating  pulse  suggests  that  there  will  also  be  a  longer  tiirie  for  the  heat 
to  penetrate  the  shield.  Although  aerodynamic  heating  prediction  methods  had  been  - 
checked  in  X-17  Research  Test  Vehicle  flights  and  verified  at  higher  vclpcily  in  long- 
range  ICBM  h^at- sink  flights,  similar  results  were  hot  available  for  ablation  mate- : ; 
rial'perforfflance.  ■  ' 

Figure  5  shows  the  predicted  heat  transfer  to  three  locations  on  the  Discoverer 
body  for  the  design  limit  condition.  The  peak  heat  fluxes  for  the  stagnation  point, 
beginning  and  end  of  the  conical  skirt  correspond  to  radiation  equilibrium  temper¬ 
atures  of  3780°R,  264Q°R,  and  2240®R,  respectively 


^^^The  integrated  fluxes  are  such  that  if  they  were  used  to  evaporate  water,  they 
would  require  water  blankets  that  were  2.8,  0.7,  and  0. 4  inches  thick  for  the 
three  points,  taken  in  the  same  order. 
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materuls  considerations  and  selections 

The  three  general  classes  of  materials  considered  on  a  preliminary  basis  for  ap¬ 
plication  to  the  Discoverer  re-entry  vehicle  were  metals,  refractories,  and  plastics. 

Metals 

The  use  of  metals  for  heat  protection  has  been  largely  to  heat-sink  and 

radiative  type  systems.  Heat-sink  protection  systems,^  which  simply  absorb  the  ^ 
incident  heat  flux,  are  usable  where  both  the  heat  transfer  rate  and  Integrated  h^t 
flux  are  small  and  weight  is  not  a  primary  considerati^  ^Badi^ive 
on  high  surface  temperatures  to  reject  the  ccmvective  Ideating.  Bote  thej^^  lut¬ 
ing  and  integrated  heating  of  the  Discoverer  design  exceed  the  limits  of  efficient, 

lightweight,  available  metallic  heat-sink  or  radiative  systems. 

Refractories 

Refractory  metals  generally  fall  into  the  radiative  clasps  of  heat  protection  systems. 

Graphite,  however,  combines  the  radiative  property  with  mass  tranter  cooltog  due 

to  its  oxidation  and  sublimation.  The  injection  of  the  carbon  monoxide  gas 

Iw^dary  layer  ‘‘thickens''  the  boundary  layer,  reduces  the 

the  wal V  and  thus  decreases  the  heat  input  to  the^surface. 

in  the  boundary  layer  somewhat  offsets  the  mass  transfer  cooling  ef  e  . 

Ouartz  is  another  refractory  that. combines  reradiation  with  mass  transfer  cooling 
Under  heat  fluxes  quartz  softens,  then.vaporij^fs,.^a  a  ^ry 

high  temperature.  There  is  no  oxidation  effect  from  tee  (piartz  injecti^^^ 

boundary  layer.  ^ 

Unfortunately,  graphite  was  still  In  tee  laboratory  developrnem  stage  at  tee  Ome 

Plastics  .  ■ 

suiating  layer. 

rial  were; 

1.  A  low  thermal  diffusivity  and  depoiyrnerlzation  temperature,  to  minimize 
the  amount  of  heat  that  is  transferred  Into  the  structure. 
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2.  The  formation  of  a  strong:  char  layer  with  predictable  properties. 

3.  The  formation  of  a  low-molecular -weight  product  to  provide  the  most 
efficient  mass  transfer  cooling  agent. 

Phenolic  nylon  was  found  to  best  meet  the  overall  system  requirements.  The  char 
layer  formed  by  the  nylon  proved  to  be  an  efficient  reradiation  device;  the  degrada¬ 
tion  phenomena  that  occurred  within  the  material  provided  an  efficient  means  of 
absprbing  the  heat  that  did  get  through  the  char.  This  combination  ablation-reradi- 
atlon  system  was  especially  suitable  for  the  re-entry  satellite  environment. . 

The  load-carrying  structure  selected  to  back  up  the  phenolic  nylon  ablation  mate¬ 
rial  was  phenolic  glass.  This  structure  was  carried  over  from  earlier  heat  pro¬ 
tection  system  designs,  where  the  glass  structure  was  found  most  reliable. 

DESIGN  TECHNIQUES 

Ascent  Flight 

Because  an  orbit  temperature  control  coating  On  the  outside  of  . the  shield  could  be 
destroyed  by  ascent  heating,  the  orbit  design  was  based  on  bare-shield  optical  pro¬ 
perties.  W  Thus  neither  the  high  surface  temperature  during  ascej:^  nor  the  high 
outgassihg  rates  of  the  hot  shield  nullified  the  orbit  temperature  control  system. : 
Outgassing  effects  were  found  insignificant  with  regard  to  shield  performance  when 
■nocoatingwasused;.---" 

Orbital  FUght 

Th«  primary  eff  ect  upon  the  shield  during  orbital  flight  was  thermal  stressli^ 
by  large  circumferential  temperature  gradients  in  the  shield.  The  heat  inputs  comisted 
of  direct  solar  radiation,  albedo  fluxes  from  the  earth,  and  direct  earth  .emission. 

'  Free  molecule  heating  was  insignificant,  since  the  recovery  capsule  faced  aft  in 
the  normal  flight  attitude.  The  orbits  considered  had  perigee  altitudes  around  120 
nautical  miles.  .  The  incident  radiant  flux  was  determined  using  MSVD's  Orbit  Heat 
Flux  program,  •  which  combines  an  Oblate  earth  celestial  mechanics  program  with  the 
heat  flux  equations  and  geometry:  The  three-axes  stabilization  system  is  also  used 
by  this  program.  Shield  temperature  histories  were  calculated  using  a  general  three- 
dimensional  transient  conduction-radiation  computer  program  that  has  been  In  op¬ 
eration  at  MSVD  for  several  years. 

Re-entry 

It  was  found  very  early  In  the  design  that  the  most  severe  re-entry  condition  for  the 
heat  iirotection  system  occurred  when  the  Initial  re-entry  path  angle  was  smahest, 
or,  In  other  words,  when  the  flight  path  at  3 25,  OOO  f ^  appi-oxlmately  80  degrees 

from  the  downward  vertical.  The  governing  criteria  were:.  (1/  that  the  temper^re  of 
the  structural  phenolic  glass  liner  be  held  below  90G®F,  and  (2)  that  the  temperature 
of  the  capsule  mounting  ring  be  held  below  450®F.  The  ri^ulrement  for  the  struc¬ 
ture  temperature  was  based  on  the  combined  aerod5mamic  and  buckling  acceleration 
loads.  The  ring  temperature  was  based  on  the  rigidity  requirements  of  the  explosive 
piston  mounts. 

Aerodynamic  heating  prediction  methods  are  presented  in  the  section  on  re-entry. 
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Laminar  convective  heat  fluxes  were  caluclated  by  Lees*  classical  solution  of  hy¬ 
personic  heating,  with  properties  evaluated  at  Eckert's  reference  enthalpy  state  as 
shown  in  Figure  6  {Ref.  1).  For  turbulent  flow  the  heal  prediction  was  based  on  a 
momentum  integral  technique  suggested  by  Walker  (Ref,  2),  Both  prediction  methods 
have  shown  good  agreement  with  long-range  ICBM  heat-sink  data.  Scala  and  Warren 
(Ref  .  3)  have  since  shown,  both  analytically  and  experimentally,  that  only  for  ro-entry 
velocities  much  greater  than  26, 000  fps  will  the  effect  of  ioniaation,  significantly  modify 
the  convection  laws.  In  accordance  with  ICBM  flight-test  data,  the  transition  from 
laminar  to  turbulent  flow  was  based  on  a  local  Reynolds  number  of  200,  OOO,  which  / 
indicated  that  the  flow  was  laminar  throughout  most  of  the  flight.  The  inviscid  flow 
field  conditions  were  determined  from  MSVD's  hypersonic  flow  field  program  for 
gases  in  chemical  equilibrium  (Ref.  4).  Gas  cap  thermal  radiation  was  determined  : 
using  the  same  flow  field  and  high-temperature  air  emissivity  values,  but  was 
found  to  be  only  1  percent  of  the  convective  flux.  NonequU  ibrium  radiation  becomes 
significant  only  at  velocities  well  above  26,000  fps. 

During  re-entry,  the  vehicle  motion  is  a  result  of  . combined  spin  and  yaw.  To  ac¬ 
count  for  the  resultant  angle -of -attack  effects  on  aerodynamic  heating,  a  correction 
factor,  derived  analytically  and  correljd;ed  with  experimental  data>  was  applied  to  the 
heat  fluxes  calculated  for  zero  angle  of  attack.  Figure  7  shows  the  correctipn  factor 
5  ^  o/?  =  o  cyclic  motion  as  a  function  of  the  maximum  angle  of  attack 

for  the  three  key  body  positions.  The  body  orientation  with  respect  to  time  was 
determlned  ficni  six -degrec-of-freedom  trajectory  analyses. 

The  thermostnichial  shield  configuration  and  thickness  was  based  onthe  esteblished  de¬ 
sign  crileriai  and  the  convective  and  radiative  heat  inputs  were  determined  for  the 
maximum  heat  transfer  or  shallowest  entry  angle.:  •  : 

There  were  two  approaches  available  for  calculat^g  the  shield  degradation  and  tern- . : 
peratu re  response.  The  fir^  was  the  seemingly  cnide  approach  of  u^  ng  an  ’■effective- 
heat -of-ablation,**  Q*;  in  a  conduction  beat  transfer  analysis  with  the  ’'condudioh**  :  ^ 
temperature  evaluated  from  ground  data.  Figure  8  shows  one  type  of  correlation 
of  ICBM  and  ground-test  data  for  spherical  nose  caps  of  phenolic  nylon.  It  is  note¬ 
worthy  that  a  simple  correlation  of  Q*  versus  stagnation  enthalpy  would  provide  a  : 
reasonably  good  description  of  the  complex  transient  phenomena  of  the  reaction 
kinetics,  the  char  formation,  the  gas  flow  through  the  char,  and  the  mass  ejection 
into  the  boundary  layer.  This  correlation  technique  shows  considerably  more  scatter 
when  it  is  applied  to  the  cone  or  cylinder  sections  of  the  vehicles,  where  the  heat 
flux  is  low.' 

The  second  method  for  calculating  the  shield  response  took  a  completely  different 
approach,  using  the  MSV^  REKAP  analysis.  The  REaction  ICinetics  Ablation  Pro¬ 
gram  describes  the  entire  physical  process.  Data  taken  from  independent  tests  are 
used  (o  determine  the  reaction  rate  constants,  thermal  conducUviticsj  specific  heats, 
and  other  pertinent  physical  property  data  for  the  shield  material.  The  REKAP  anal¬ 
ysis  uses  this  data  in  calculating  the  shield  performance  as  shown  in  Figure  9,  which 
illustrates  the  ablation  process.  The  calculated  heat  flux  Is  applied,  mathematicaliy, 
to  the  ablation  material.  As  the  temperature  of  the  material  rises,  a  reaction  begins 


This  is  most  plausible  for  the  ICBM  case  shown,  since  mass  addition  is  an  im¬ 
portant  parameter  on  high-hcatHransfer  locations. 
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to  tiUco  place  whereby  the  material  deconijx>ses.  The  reaction  proceeds  until  there  are 
no  reactants  left,  leaving  behind  a  residue  call<^  char.  In  Figure  .9  Uie  reaction  zone 
is  at  about  the  middle  of  the  slab.  Heat  is  ;4>pl!ed  to  the  material  at  the  front  face. 
The  gas  generated  by  the  reaction  passes  through  the  char  and  blocks  part  of  the  con¬ 
vective  heating.  Some  of  the  heat  Is  radiated  from  the  char  surface.  Of  the  heat  that 
penetrates  the  char,  most  is  absorbed  in  the  gas  flowing  from  the  reaction  zone;  The 
apparent  high  specific  heat  of  the  gas  is  the  result  of  the  cracking  processes  taking 
place  as  the  gas  is  heated.  The  heat  that  gets  past  the  char  layer  is  then  split  be¬ 
tween  the  heat  of  formation  of  the  gaseous  products  and  the  heac  conducted  through  the 
virgin  plastic  toward  the  back  face. 

Both  the  and  REKAP  niethods  have  been  applied  to  ICBM  designs  being  conducted, 
at  MSVD.  In  general  the  Q*  niethod  has  been  found  adequate  for  certain  nose  cap 
designsH)but  too  inaccurate  for  the  low  heat  flux  regions  that  are;  characteristic  of 
low-heat-transfer  regimes.  .  Consequently,  for  the  low  flux  region^  relatively  large  ; 
safety  factors  are  required  if  the  Q*  meth^  is  used.  The  REKAP  analyses,:  on  the. 
other  handy  have  shown  excellent /correlation  on  all  parts  of  the  body.;  ' 

Since  the  REKAP  was  in  its  initial  development  at  the  time  of  the  Discoverer  design, 
the  less  acGurate:;Q*  method  was  used.  As  much  ground-test  data  as  couW  be  gen¬ 
erated  was  used  to  reduce  safety  factors  to  a  minimum.  ” 

The  shield  thicknesses  that  resulted  from  the  design  study  are  shown  in  Figure  10. 
These  are  the  thicknesses  that  will  be  considered  in  the  discussion  Of  the  capability/  : 


(4). 


These  designs 


are  characterized  by  large 


loss  oi  mass  and  dimensional  cltangc. 
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III.  CAPABILITY 

PREDICTION 
Ascent  Flight 

As  implied  in  the  few  statements  concerning  ascent  heating^  the  ascent  problems 
were  essentially  circumvented  by  the  elinaination  of  optical  coatings  for  orbit  tem¬ 
perature  control.  Figure  11  shows  the  outside  surface  temperature  histories  for 
the  three  key  shield  points.  The  point  at  which  the  flow  turns  laminar  is  apparent. 
Allowance  was  made  in  the  orbital  studies  for  the  slight  variation  in  infrared 
emissivity  and  solar  absorptivity  between  the  charred  and  uncharred  materials. 

Orbital  Flight 


A  typical  temperature  history  of  a  point  on  t!ie  conical  section  of  the  shield  is  shown 
in  Figure  12.  It  can  be  seen  from  this  figure  that  the  effects  of  ascent  heating  are 
negligible  after  approximately  the  first  orbit.  The  cyclic  character  of  the  curve  is 
typical  of  transient  responses  from  the  satellite  surface  for  flights  alternately  in  the 
sun  and  In  the  shade.  To  illustrate;  the  thermal  gradient  problem.  Figure  13  showsy 
the  average  shield  temperature  as  a  function  of  circumferential  position.  It  was 
found  necessary  to  cut  the  phenolic  nylon  with  circumferential  slots  to  overcome  the 
'bond  line  stresses. 


Re-entry  Flight  . 

From  the  heat  fluxes  of  Figure  5  the  temperature  and  ablation  histories  shown  in  ; 
Figures  14,  15  and  16  were  derived.  The  effective  heat  of  ablation,  Q*,  for  the 
phenolic  nylon  was  determined  from  the  plot  of  Q*  vs  hg  (enthalpy).  Q*  was  used 
as  a  constant  in  this  analysis,  based  on  the  average  enthalpy  over  the  healing  timoi 
These  responses  are  the  result  of  the  maximum  heating  trajectory  that  was  anticii- 
pated,  which  was  found  to  occur  with  the  combination  of  a  re-entry  velocity  of  ^ 

26, 370  fps  at  a  path  angle  of  1. 46  degrees,  both  measured  at  325,  000  feet  altitude. ; 
Under  minimum  heating  conditions,  with  a  re-entry  angle  of  4.45  degrees,,  the 
integrated  heat  flux  decreases  by  40  percent,  the  heating  time  by  40  percent  and 
the  resultant  depth  of  char  by  approximately  40  percent. 

As  in  all  design  studies,  oue  of  the  key  questions  is;  What  are  the  effects  of  the 
tolerances  in  thermophysical  properties  and  variations  in  design  due  to  manu-  . 
factoring  tolerances  ?  To  resolve  this  problem,  a  probability  arid  error  analysis 
was  undertaken.  The  parameters  studied  are  listed  iii  Figure  17.  This  is  an  .. 
interesting  analysis  of  the  significance  of  each  variable.  In  calculating  the  m'erail 
effect,  it  w-as  assumed  that  the  parameters  are  stochastically  independent,  that  the 
effects  of  variations  in  the  parameters  on  the  structure  temperature  could  be  ap¬ 
proximated  by  a  linear  relationship,  and  that  the  variations  in  values  are  normally 
distributed.  The  individual  effects  can  be  recognized  on  the  chart.  When  the  root-  . 
mean-square  3a  limit  of  structure  temperature  is  determined  using  the  information 
presented  previously,  it  is  obvious  that  the  design  is  adequate  and,  in  fact,  can 
survive  more  extreme  conditions  tiiah  originally  required.  From  another  point  of 
view,  the  vehicle  could  accept  a  greater  payload  and  still  survive  3o  conditions. 
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VPJRIFICATION 
Ground  Test 

Ground  test  verification  was  provided  by  material  tests,  subsystem  tests^  and  system 
tests.  The  material  data  were  discussed  in  the  section  on  design  procedures, :  where 
the  simple  Q*  vs  hg  plot  was  found  to  adequately  correlate. diverse  test  conditions,  at 
least  for  high  heat  fluxes.  The  usual  tests  for  othei^.  thermal  projperties  were  also 
conducted. 

A  structural  subsystem  test  was  performed  to  ensure  the  adequacy  of  the  design 
under  the  high  re-entry  temperatures.  Figure  18  shows  a  schematic  of  the  test 
arrangement.  The  shield  was  hared  to  the  phenolic  gl^s  structural  liner;  the 
degraded  structural  properties  of  the  hot  phenolic  nylon  left  it  with  no  load -carrying 
capability.  The  design  conditions  for  the  structural  test  were  those  corresponding 
to  the  time  of  parachute  deployment.  It  was  from  this  te.st  that  the  liner  temperature  • 
limit  of  900^F  was  derived.  :  ^ 

Several  heat  transfer  tests  of  complete  heat  shields  were  attempted  but  there  .was 
:  little  useful  data  obtained.  The  main  difficulty,  in  these  tests  was  adequate  simulation  ; 
;  of-  the, environment,  .  'r- 

The  low4emperature  capability  of  the  shield  \(ras  verified  in  cold  soak  tests,  Tlie 
:  adequacy  of  the  design  to  withstand  the  temperature  gradients  experienced  in  orbit 
was  checked  in  the  Lockheed  Bemco  High-Altitude  Thermal  SfimuIator  Chaml:«r. 

Thus  thermal  tests  were  directed  primarily  towardmaterial  studies,  the  structural 
test  provided  yerification  of  the  design  limits,  and  the  system  tests  were  oi  the- 
/  ;g0^0-g0type.^:  v  ^  '  .  :  :  :  ^  V ;  ^  . ; 

Flight  Tests 

Ko  flight- test  data  have  been  obtained  oh  the  performance  of  the  phenolic  nylon  shield. 

No  shield  instrumentation  was  allowed  on  the  flight  vehicles;  however,  judging  from 
the  maintenance  internal  terapei*atures  within  the  prescribed  limits,  it  can  b^  con-  : 
eluded  that  the  design  Is  adequate. 
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iV.  CONCLUSIONS 

The  discussion  of  the  limited  test  verification  of  the  design  capability  concludes  the 
design  review  that  encompassed  the  environment  definition,  the  material  selection, 
the  design  procedures,  and  the  design  capability. 

The  end  results  of  this  design  effort  can  now  be  considered.  First  of  all,  of  course, 
increased  confidence  has  been  gained  in  design  capability;  but  the  main  conclusions 
to  be  drawn  are  the  two  mentioned  at  the  outset  of  this  discussion;  (1)  the  suability 
of  thermosetting  plastics  to  satellite  re-entry  heat  protection  systems;  and,  (2)  the 
inadequacy  of  the  Q*  method  of  analysis. 

The  advantage  the  thermosetting  plastics  lies  mainly  in  the  char  formation  and 
high  reradiation  from  the  char  surface.  The  need  for  improved  thermosetting 
materials,  both  with  regard  to  performance  and  cost,  has  led  General  Electric  to 
the  development  of  castable  ablation  materials.  The  casting  process  ha.s  consider¬ 
ably  reduced  manufacturing  costs,  while  the  incorporation  of  additives  and  reinforce¬ 
ments  has  permitted  tailoring  of  the  materials  to  the  application. 

The  development  of  the  REKAP  analysis  has  resulted  in  a  detailed  understanding  of 
the  ablation  phenomena.  It  has  permitted  the  correlation  of  many  diverse  test  data. 
And,  since  it  calculates  the  heat  protection  provided  by  each  portion  of  the  ablation 
process,  it  has  proved  invaluable  in  the  development  of  new  materials. 

In  addition  to  the  development  (rf  the  REKAP,  two  other  compwiter  programs  have 
proved  essential  in  the  design  of  this  satellite  system.  MSVP*s  Orbit  Heat  Flux 
Program  was  developed  to  handle  the  many  combinations  and  permutations  of  orbit 
trajectories  that  had  to  be  evaluated  in  analyzing  the  system.  Its  use  has  provided 
exact  design  conditions  as  well  as  the  probability  of  encountering  any  given  set  of 
conditions.  It  has«thua  prevented  overdesign,  with  its  concurrent  weight  pehaltles, 
by  permitting  rapid  determination  of  realistic,  but  extreme,  design  conditions. 

Processes  for  configuration  optimization  were  found  to  be  amenable  to  mechanization. 
Consequently,  a  Gonfiguration  Selection  Digital  Computer  Program  was  developed 
that  optimizes  the  e.xternal  shape,  considering  thermodynamics,  aerodynamics, 
flight  mechanics,  w’eight  and  balance,  and  structural  mechanics.  Configurations 
belonging  to  certain  families  can  be  evaluated  with  this  ja-ogram  at  the  rate  of 
thousands  per  minute. 

Thus,  design  capabilities  have  been  extended  by  the  development  of  computational 
techniques  that  now  permit  system  optimization  and  detailed  performance  prediction. 
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Figure  1.  Re-entry  Vehicle  Configuration 


TIME,  SECONDS 

Figure  2.  Mark  4  Convectlre  Heat  Fluxes 
During  Powered  Flight  (Hottest  Case) 
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Figur  e  3 .  Compar  Ison  of  Traf  ectoriigs  During  Be  -  entry 
for  Ballistic  Missile  and  Discoverer  Rerentry  Capsule 


Figure  4.  Comparison  of  Heat  Fluxes  During  Re-entry 
for  Ballistic  Missile  and  Discoverer  Re-entry  Vehicle 
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Flgttre  6.  Gross  Heat  Fluxes  for  Discoverer  Mark  4  During  Re-entry 

(Hottest  Case) 
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Figure  6.  Convective  Heat  Flux  Equations 
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Fi^re  7.  Angle  of  Attack  Connection  Factor  Curves 


Figure  8.  Effective  Heat  of  Ablation  of  Phenolic  l^lon 
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Figure  10.  Heat  Shield  Thickness  Definition 
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Figure  11 .  Mark  4  Temperature  and  Cter ring  Histories  During  Powered  FUglit 
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Figure  12.  Temperature  Response  o(  Surface  1  (Farthest  from  Earth) 
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Figure  14.  Mark  4  Temperature  and  Charring  Histories  During  Re-entry 
(Hottest  Case).  Data  Calculated  for  Stagnation  Point. 
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Figure  IS.  Mark  4  Temperature  and  Charring  HlstorleB  During  tte-eutry 
:  (Hottest  Case).  DaU  Calculated  for  Beginning  of  Skirt. 
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Figure  16.  Mark  4  Temperature  and  Charring  Histories  During  Re-entry 
(Hottest  Case).  Data  Calculated  for  End  of  Skirt. 
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on  Sti^ctore  temperature  at  Time  of  Parachute  Deployment 
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Figure  18.  Schematic  of  Structural  Test 
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